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= Introduction, overview of IMPACT-Z

= Modeling nonlinear integrable optics in IOTA

- first-principles symplectic tracking in the ideal IOTA insert

- characterization of realistic insert magnetic fields using
surface methods (for tracking with fringe fields)

o - understanding the effects of “small-ring” nonlinearities
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Mitigation of space charge induced beam halo using

nonlinear integrable optics in IOTA (with protons)

* Space charge mitigation: electron lenses/columns, nonlinear integrable lattices

?10 tM_e\./ et- M2 spectrometer
. photoinjector and e- dump
* Integrable Optics Test Accelerator (I0TA) RS0 Neve =\I
RFQ
- Novel accelerator physics: strongly nonlinear design 2.7 MeV p+/H-
- Experimental test bed for SC mitigation schemes I0TA
. . 150 MeV e-
- Run first with electrons, then low-energy protons Fermilab 2.5 MeV p+
10 F 15

| nonlinear decoherence?l |
3T 0 -5 0 5 10

nonlinear magnetic insert

x [mm] x [mm]
using conventional linear design using nonlinear integrable design

*  Will this work in a real machine? To resolve beam losses at the level needed
requires massively parallel long-term tracking with self-consistent space charge.

1S, Webb et al, p. 2961, IPAC 2012
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Overview of advanced computing/modeling using

IMPACT-Z

B The IMPACT-Z code & physics model
F s-based symplectic particle tracking using maps \

l”lllll”' 1 1 _REEEE

E Poisson solvers for 6 distinct boundary conditions \ oo, 000 cores
F standard beamline elements, RF and RW wakefields S ‘ |
F field, misalignment, and rotation errors \
F  multi-turn tracking with simulation restart
B efficient parallelization, access to NERSC B I
. Mo
E The IMPACT code:suiteis used by > 40 < o

| 2000
1000

institutes worldwide final longitudinal
B successfully applied to both electron & proton i R
machines: z (mm)
B CERNPS2ring
F LCLS-Il linac

F unprecedented resolution: ~2B macroparticles
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* First-principles symplectic tracking in the ideal I0TA insert
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The IOTA magnetic insert was implemented in IMPACT-Z

for modeling nonlinear integrable motion.

Nonlinear insert element based on D&N ideal vector potentialt (compare Synergia)

Input arguments: L (m), nSC, nMap, t, ¢ (m'?), p,

. ]
Novel features allow the user to F|
easily vary the number of z
segments and SC kicks for y: N
numerical convergence studies. § | 1.
Equipotentals o4
X z (segment)
2" order symplectic integrator 2-level Hamiltonian splitting (Yoshida)
space charge _ _
map step  kick Hamiltonian: H = Hq{ + H»

| || I Symplectic map for a step of length 7:

I L1
space ch'arge step M(7) =M <%> Ma(T) M ( ) +0(7%)

V. Danilov and S. Nagaitsev,PRSTAB 13, 084002 (2010) &l A o ramoeoste A T A ID)))
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The IOTA magnetic insert was implemented in IMPACT-Z

for modeling nonlinear integrable motion.

Nonlinear insert element based on D&N ideal vector potentialt (compare Synergia)

Input arguments: L (m), nSC, nMap, t, ¢ (m'?), p,

Novel features allow the user to
easily vary the number of

segments and SC kicks for y’
numerical convergence studies.

adient (T/m)
1

15 20
:‘g 0.2+
> 0.1
nd . . 5 O. Hl
2"° order symplectic integrator g two invariants H and |
space charge £ \ are preserved (< 104)
o -0.1
map step  kick g
- 02
{ J

space charge step Y (normalized units

1V, Danilov and S. Nagaitsev,PRSTAB 13, 084002 (2010) & of ACCELERATOR TECHNOLOGY & ))
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Problem: Original expressions of Danilov and Nagaitsev are not

ideal for numerical tracking (complicated, subject to instability).

* The vector potential takes a complicated form that relies on a variable transformation in

the plane (X,Y) that is poorly behaved in the midplane (Y=0). Y
VGRS A U IR
2f 7 Domain of
\/(g; + )2 442 — \/(a: — 2+ . validity

2f
vanishing Jacobian ——>

* Derivatives of the vector potential are built from
expressions with vanishing denominators in the

idplane.
midplane ((933,5’3;) N (357(977) not invertible

* Particles that cross the midplane repeatedly ==) runaway coordinates and momenta.

* This can be avoided using Taylor series in Y, with a resulting loss in humerical accuracy.
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New first-principles theory of 2D nonlinear integrable potentials:

concise, simple, and avoids a numerical instability.

Integrability requires that we search for a 2D magnetic vector potential A, satisfying:

2D Laplace Egq. (in X,Y)

(02 +0;) A, =0,

Bertrand-Darboux Egq.

2y(02 — 02)As + (y° — 2% + 1)0,0, A, + 3y0, As — 320, A5 = 0

r=x+1y | F=A+1 | Tm(2)
Domain of
validity
circle of
Complex representation as a single ODE: 1 convergence
2 dQF dF ~ 4 \\\\ ()
(2" =1)5—5 +32—— +2t =0 / )
dz dz “ “‘: Re(2)
Simple solution: N\ /,"1 /
EZ dF _—1’ g branch cuts
F(z) = | —— ] arcsin(z — o——
()= (s ) mwcsinGe), 9" =0

C. E. Mitchell, “Complex Representation of Potentials and Fields for the Nonlinear Magnetic Insert of the Integrable Optics Test
Accelerator,” LBNL-1007217 (2017), to be submitted Phys. Rev. ST Accel. Beams




New first-principles theory of 2D nonlinear integrable potentials:

concise, simple, and avoids a numerical instability.

Integrability requires that we search for a 2D magnetic vector potential A, satisfying:

2D Laplace Eq. (in X,Y) Bertrand-Darboux Eq.

(07 +0)As =0, ay(9; — 05)As + (y° — 2° 4+ 1)0,0, A5 + 3y, As — 330, A; =0

z2=x+1y F=A;+ ) Im(z)

Domain of
validity

circle of

Much simpler than the original expressions of Danilov & Nagaitsev, equivalent content.

* Avoids small denominators in the midplane during tracking due to variable transformation.
* No Taylor expansion of the vector potential near the midplane is necessary.

The invariants of motion (key diagnostics) have been expressed using the same formalism.

Code distributed to IOTA collaboration, freely available.

AN 7 |

C. E. Mitchell, “Complex Representation of Potentials and Fields for the Nonlinear Magnetic Insert of the Integrable Optics Test
Accelerator,” LBNL-1007217 (2017), to be submitted Phys. Rev. ST Accel. Beams




Tracking Implementation Using a Complex Potential:

Matched KV Beam Benchmark in the Toy Lattice (100 Turns)

Final beam distribution after 100 turns

15 L4 v T T T
10+
5
= s e AV
E 0 I -. ..~ o ‘."; > .t"%“"’l' ‘.. 5 Aoy e,
;’ PR TAR e N e D T SR,
A \ .
5 ’\i Without the Taylor series, the
«. 2% D&N potential produces NaN
G 7 within the first 5 turns.
104 o8 -
- e
e
AL E vy
-15 - . - 4 4 4 A .
-8 6 -4 2 0 2 4 8

final particle distribution obtained using
@  original algorithm based on real-valued
potential from D&N (with Taylor series)

® final particle distribution obtained using
algorithm based on complex potential
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* Characterization of realistic insert magnetic fields using
surface methods (for tracking with fringe fields)
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Problem: The idealized model of the IOTA insert is non-

Maxwellian, and neglects fringe field/segment effects.

* Consider the following sequence of approximations (insert shown from midpoint to exit):

o
o

= £ 06 segmented
= o ideal IOTA insert = os
€ o4l 2 04 transverse
o2 )
S transverse 2 fields only
Pudt »n 0.3
= 03 fields only s
L) o 02
o 0.2} S
o fus
= 8 0.1
S 0.1
cg 8‘ 0
T 9 ‘ 1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9

— 0.9,

— 0.9 g 0.8}
E E ) : .
= g-j segmented w/ gaps c 07} ﬂ with 3D fringe fields
c 2 o6}
o 06 § ﬂ (data from RadiaBeam)
D 05 transverse 7 05
04 fields only 2 04y
2 03 2 0.3/
o . >
g— 0.2 -(.: 0.2}
T 0.1 2 o.1j U U
2 0 o) A

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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What is needed: a concise, smooth representation of the

insert vector potential based on 3D magnetic field data.

* For extracting symplectic maps or using a symplectic integrator, one begins with
a Hamiltonian of the form (straight element, s as the independent variable):

2
p
H(z,ps,Y, Dy, t, P13 8) = —\/C—é —m?c? — (px — qAz)? — (py — qAy)? — qA,

* Typically, it is necessary or beneficial to perform a Taylor series about the design
trajectory through the beamline element, which will require a Taylor series in

A,, 4,, A; in the transverse variables x, y.

» How do we extract a vector potential A from a magnetic field B on a grid?

» How do we reliably extract the Taylor coefficients of A (or its derivatives)?

Limited by numerical noise in the data!
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Solution: Use surface methods to extract a vector

potential and transfer map from 3D magnetic field data.

Surface methods provide a well-established technique for extracting high-order derivative
information in the presence of noise by exploiting the structure of Maxwell’s equations.

Data on 3-D Grid from
Compute Coefficients of
Har'mltonlan 'Faylor Trajectory z¢
Series Expansion about and Transfer
Design Trajectory Map ‘M

Compute Design

Electromagnetic Code

A 4

» Maxwell equations are exactly satisfied.
Interpolate Data
. . Integrate Surface Functions . .
. . Against Kernels to Obtain * Numerical error is globally controlled —
. . —7|  anAnalytic Representation maxima occur on the fitting boundary.
. . of Interior Fields/Vector
. . Potential
. : * Surface integration is smoothing — derivatives
onto Surface yd . . ...
/ and resulting map are robust and insensitive to
, numerical errors.
Use Green’s function
for special domains
(cylinder, box)
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Generalized gradients provide a robust, complete

description of the 3D vector potential using surface data.

Reference trajectory is a straight line or nearly a straight
line along the axis. Normal component of B on a cylinder is used.

Expansion of 9(x,y,s) as a power series inx and y )

Power series for the vector potential A in the Coulomb gauge!:

Cc

= (—1)1 ! N o mtl 2041 _ . m ~l200
A{x}=22221+1”(1+’:1+1)!(x +3") [Re(x +iy) C}Ei%j}m)um(xﬂy) C’Ei’ij}m}

® _ ) ]
A=Y 25,.31” — (" )" [-Rex+iy)" C () + ImGr + )" CE (o))

120 w0 2 m)!
) Fourier coefficients of
where the generalized gradients are given by?: normal B field on the surface.
) im o0 kn—l—m— 1 .
C™ (s) = BY(R,m, k)e**°dk
m’o‘( ) 2mm! J_ o I (kR) p( ™, k)

IC. Mitchell and A. Dragt, Phys. Rev. ST Accel. Beams 13, 064001 (2010).

\TOR TECHNOLOGY & »)
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The generalized gradients for the ideal IOTA insert can

be determined analytically (for benchmarking).

Generalized Gradients of the Ideal IOTA Insert

Generalized gradients m=2 (quadrupole)
through m=8 are shown for the nominal

53335
HOWON—=

phase advance of g = 0.3. ] 08|
~
Each quantity is normalized by its o 06

value at the magnet midpoint (s=0).

Cideal (§) _ Fn O
2M,$ {1+ 52 tan®(mpg)}nt? 02
5 — | | A,
5=2s/L -1 -0.5 0 /0.5 1
S
Values at the magnet midpoint are given by: size of derivatives are
. controlled by phase advance
Bp\ 22" pl(n—1)! [/ A\"T . L
e (c4"> (2n)! 5) o =g eotimm)

Fed into the Hamiltonian to extract the linear map + Lie generators via map equations.
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The linear map was determined exactly and used to

study the effects of introducing segments and gaps.

Example: Quadratic convergence to the ideal linear map as the number of segments is
increased, while the filling factor is held fixed. (z=0.45, 4;=0.3, L=1.8 m)

matrix spectral .
norm Convergence with number of segments Model for insert segments and gaps
\_
~ 0.04
| | f . As, . As,
8003 No gaps (f =1.00)
| & i 2 filling factor
Ed 0.02 - ~ O((AL/L)") f=As/AL
E 0.01 ) At nominal [OTA
] YV parameters: 4.2 x 1073 D D
_ 7‘“‘\“‘f\‘:‘“g“l‘\l“n

0 10 20 30 40
Number of segments AL AL

Work is underway to investigate the nonlinear generators for the factorized Lie
map of the IOTA insert, using tools available in MaryLie/IMPACT.
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Generalized gradients were extracted from RadiaBeam

3D maghnetic field data using surface methods.

rad
¢ ( )0_ 5 0.0 Maghnetic field Parameter Symbol Value  Unit
i 1
on cylinder surface Strength parameter T 0.45
— Transverse scale factor c 0.009 m!/2
5 6 Phase advance across NLI 1o 0.3
13 4 Length of NLI L 1.8 m
N Beta at NLI midpoint B* 0.6538 m
Q 2 Segment length As 6.5 cm
& 00 Magnetic rigidity (150 MeV e~) Bp 0502 T-m
s (m)
1.0 Computed generalized gradients
12000 ‘ ‘
0.9 ‘ ‘ Nume‘rically-computed éradient Numerically-computed gradient
0.8F Scaled ideal gradient i Scaled ideal gradient
10000
= 0-7¢ ] « N octupole term
ol quadrupole term | g soool
~— ~—
b 0-5r good agreement with idpal \P-'/ 6000 - numerical noise remains an issue |
— oy 041 «+—— §generalized gradients near the = w in computing very high-order
> idpoint of h t = <f Itipoles (~C,
'_('S\] 03l midpoint of eac segmfn D 40001 multipoles (~Cg )
0.2H
0.1 j U U Fringe fields introduce 1.2% error into the linear map
1 1 ~ hd M A " | 0 U A ) AW i/ 1 1
o0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
s (m) s (m)

Data provided by F. O’Shea (RadiaBeam). See eg, F. O’Shea et al, PAC2013. CELERATOR TECHNOLOGY & T ﬁ
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* Understanding the effects of “small-ring” nonlinearities
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Problem: Unexpected linear emittance growth observed

in the IOTA lattice (insert off, no SC) using Synergia.

emittance vs turn

Similar emittance growth not 1000 Full CHEF
observed in previous tracking ' 1 ston/ 1 ‘ '
studies using the code PTC. 1.985 | o epeEm A
— £, 1 step/elem

1.980 } — &, 50 step/elem
Problem traced back to a Lays | — 50 steplelem
non-symplectic 2"9-order thin - 975 ¢
lens fringe field kick applied at g 1.970 | i
dipole entra.nce/exn in Synergia é 1965 | _ _ 2%
(under repair). Simulation by

1.960 C. Hall (RadiaSoft)
Suggests the importance of accurate 1.955
fringe field models, and the possible First observed by
importance of fringe field and other 1.950°F E. Prebys (FNAL) v
“small ring” nonlinearities to I0TA 1.945 : : : : ' :
performance. 0 100 200 300 400 500 600 700

Turn

In Synergia studies of IOTA with space charge, the arc external to the insert is typically linearized
in order to make theoretical progress in understanding the interplay between SC and integrability.

“*% U.S. DEPARTMENT OF Off ce Of \ﬁ
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Significant emittance growth is not observed over ~100K

turns in IMPACT-Z (insert off, no SC).

* Tracking performed using both IMPACT-Z and ML/I. Initial emittance (rms): 1.95 mm-mrad.
* Both codes use a 3"d-order symplectic dipole model with 3'"9-order hard-edge fringe fields.

Horizontal and vertical emittances Geometric mean of emittances
1.966 . ‘ . . . ‘ 1.966 . . ‘ . - .
1.964 | i 1 964 r
1.962 —~ 1962 3 order symplectic dipoles w/ exact drifts ——
% 1.96 '_% 1.96 linear symplectic tracking w/ exact drifts
Q 1958 =~ 1.958 linear symplectic tracking
~ 1.956 | & 1.956} : : :
8 1.954 - ea: - ! 1.954+
E 1.952 1 : E 1.952+ 1
g 11922: ~0.2% amplitude é 11§ZZW:
1.946 |- > 1.946— 0 ;
S 1 0aal 2 lom ~0.03% amplitude
u§ 1?32_ £ 1042
LT
Coaal | | | . .IMPAQT_Z ] 1.936] IMPACT-Z
0 10000 20000 30000 40000 50000 60000 70000 1.934

0 10000 20000 30000 40000 50000 60000 70000

turn
turn

Long-term tracking studies reveal that kinematic and dipole nonlinearities lead to acceptable
bounded oscillations in both X, Y emittance with an amplitude of ~0.2%.

A complete, realistic treatment of dipole fringe fields requires the use of surface methods.

3"’:-. U.S. DEPARTMENT OF Off ce Of \
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In the IOTA lattice (insert on, no SC), 2"d/3rd-order dipole

effects lead to diffusion of the two invariants.

IOTA Lattice (2.5 MeV p) Diffusion of the H invariant (IMPACT-Z)
2 nonlinear inserts ON 3 - : : . ; : :
L=1.8 m, t=0.45,
¢ =0.009 m¥2, 4,=0.3 25}
Matched nonlinear KV beam S
€, = 3.9 mm-mrad, 65 =0 — 2f
o~ 3 order symplectic dipoles w/ exact drifts ——
m A linear symplectic tracking w/ exact drifts
< 1.5} linear symplectic tracking
Rapid mixing over the first 2-3 = ' ' '
turns, followed by slow diffusion. © 1|| phase mixing

first 50 turns
Slow relative growth in <H> ~ 0.15%.
0.5}

- constant if H invariant is preserved v —_—
- zero for a “nonlinear KV” distribution

0
0 1000 / 2000 3000 4000 5000 6000 7000 8000

. . turn
Kinematic effects plateau at 0.2%.

The corresponding value of o,/<I> (for the second invariant) grows by 1% over 8000 turns.

Expected to be less problematic for a large ring such as the proposed Rapid Cycling Synchrotron.
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Scaling of kinematic and dipole nonlinear effects with

initial beam emittance (o, evaluated at turn 2,000)

Largeremittance beams Growth in o, after 2K turns (IMPACT-Z)
sample stronger non-ideal
nonlinear effects. 0.14
3" order symplectic dipoles w/ exact drifts ——

Clear scaling trend for the size 0.12} linear symplectic tracking w/ exact drifts
of dipole-induced diffusion of = linear symplectic tracking o
the H invariant. CS 0.1} App aren t scaling:

8 ] ~ 3/2

; o ~ Ae
Scaling trend continues up to é 0.08 Zl?nr;:’tr;?‘:lc o H 0
& ~ 8 mm-mrad. = A =0.01 (mm-mrad) /2
~— 0.06 | ]
Parameters are the same Qf 0.04l
as those on the previous slide. '
002l | Small
Note o /{H) ~ \/€q . ' ' Eonlinear
? ~ kinematic
0 L s—a=m==a—p = A s -

To ensure o /(H) < 2% 0 1 2 3 4 5 6 efi(‘)egt;
requires €, < 4 mm-mrad. €0 (mm-mrad) (~0.3%)
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Near-Term Plans

Over the next several months:

* Additional studies using the generalized gradient series for the nonlinear insert to
investigate fringe field effects on long-term evolution of the two invariants.

* Benchmarking of Impact-Z simulations of the full nonlinear IOTA lattice with space charge
(insert on) against Synergia at moderate resolution before scaling up simulation size.

o * Collaboration with Fermilab, RadiaSoft to study the limits of existing space charge
algorithms for the challenging case of intense long, bunched beams with space charge.

* Implementation of the location-dependent physical aperture for the IOTA lattice into the : ".
existing Impact-Z model to enable beam loss prediction.

.{..,v:"-':.,‘ U.S. DEPARTMENT OF Office of \>
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Conclusions

* New numerical tools are needed for studying high-resolution halo formation, beam losses,
and errors in the presence of nonlinear integrable optics, while avoiding artifacts due to
numerical noise. Such studies may be critical to successful proton operation in IOTA.

* Cross-checks among several codes (Synergia, Impact-Z, WARP...) are critical to gain
confidence in simulations of nonlinear integrable optics with space charge.

* Impact-Z contains scalable and robust Poisson solvers that are ideal for high-resolution,
long-term studies of collective space charge instabilities, and additional capabilities have
now been implemented that will aid in high-fidelity simulation of I0TA.

* Successful benchmarks have been performed of the nonlinear insert, matched beam ;; '
- generation, linear lattice optics, and space charge capabilities, and studies have begun 2
- to reveal interesting physics. R
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Milestones for Task Area 1: toward high-fidelity simulation

of the IOTA lattice (reported Dec. 21, 2016)

Implementation of the IOTA nonlinear magnetic insert in IMPACT-Z.

Implementation of new I0OTA-specific diagnostic output in IMPACT-Z, for characterizing
statistics of the two invariants and normalized phase space coordinates.

v’ Successful benchmarking of the IOTA nonlinear insert without space charge.

Development of a new diagnostic tool for characterizing beam mismatch to the nonlinear
lattice.

Improvements in the Python MAD-X - Impact-Z lattice parser, to easily generate IMPACT-Z
input files from IOTA lattice files (provided in MAD-X).

Successful benchmarking of the linear IOTA lattice with and without space charge (against
Synergia+WARP).

_—

F—r ..__“—‘“ ————“‘._--
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Milestones for Task Area 1: toward high-fidelity simulation

of the IOTA lattice (since Dec. 21, 2016)

New analytical treatment of the Bertrand-Darboux equation for integrable potentials.

Development and distribution of an improved tracking model through the ideal IOTA
nonlinear insert using complex potentials (avoids runaway particles, numerical artifacts).

v’ Use of surface methods/generalized gradients to characterize the physical IOTA nonlinear
insert magnetic field (RadiaBeam) to allow realistic tracking with fringe fields.

Investigation of long-term emittance growth (100K turns) due to nonlinear effects in the
IOTA lattice without the insert present - fringe fields and nonlinear kinematic effects.

Benchmarking between IMPACT-Z and ML/I (with R. Ryne), with the goal of map analysis.

Improvements in the IMPACT-Z quadrupole model, relevant for p operation (low energy).
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(@DENERGY [Tl g ATAP))




Beam dynamics in IOTA provides a challenging test-bed for

numerical space charge benchmarking.

- Good agreement between Impact-Z, WARP, and Synergia over 50 turns.
- Impact-Z is critical to provide cross-checks of Synergia, and scales efficiently to large number
of particles and grid points. (Synergia simulation by C. Hall, WARP simulation by R. Kishek.)

Impact-Z simulation uses 1M particles, 32x32x1025 grid, longitudinally periodic BC.

7 ; ; ; ; ; ; ; S
= | IOTA == .%\% ~
€ gl | | differences < 1.5% | — Synergia RING \«g@} . R
> , , , | — WARP e sextupoles off
g 5¢ | | + lr?*nlpact-z &k/ Proton beam parameters \%i}g"g, \
% 41 | i ’ Kinetic energy 2.5 MeV %

0
0 | =° Space charge tune shift | -0.1 %
23 i :
= ] % Emittance ¢, 5.0 mm- =
= 1 ‘ (rms, unnormalized) mrad ‘@
_,g 2_ \- /w . \('\\%A‘\
o — YT 9%
.E‘ 1 /EZ\\ o ///\ /
o) . . \/ @ \\ l _// /«Q{; <
nonlinear insert off (SITY S
I O | | | | | | | /\ |Hl ' ol” ﬂ ﬂo Iﬂl \ -
-
0 5 10 15 20 25 30 35 40
s (m) *  B,=B,, D=0 across the nonlinear drift space
Horizontal RMS Envelope — Turn 50 ® nmr phase advance from nonlinear drift space

exit to nonlinear drift space entrance
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Symplectic integrator options for the ideal IOTA magnetic

insert in IMPACT-Z

H=Hp+ Hypr|  Stepof sizet: My(t) ~ Mp (%) Murp(T)Mp (g)
1) Exact Hamiltonian splitting:
H=—/1-=""4+P?-P2-pP2_—~ H
2) Paraxial drift splitting:
1 1 P
H=-AP2+P) - -+ ) - AJ(X,Y
A (P + Fy) (AWO) As(X,Y)
B 1 1
3) Linearized drift splitting: V1I=2P/po+ P 140
H=2 (P2 + P7) + i - A(X,Y)
2 x Yy 2/8(2)’)/3 S ’

In the special case when 0 = 0, note that 2) and 3) are equivalent.
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Nonlinear matched beam generation has been

successfully coupled with IMPACT-Z simulation.

Matching to the nonlinear lattice is nontrivial and may be critical to beam performance.

normalized phase space

physical phase space
variables (X, X'n, Yn» Y'n)

variables (x, X', y, ¥')

“nonlinear KV distribution” [1]
f ~/ 5(H — 6())

- Hamiltonian is s-independent
- distribution function is stationary

canonical - Hamiltonian is s-dependent
transformation - distribution varies periodically in s
- parameter g, plays the role of emittance

« Shared Python scripts developed by RadiaSoft are used for matched KV or matched
waterbag beam generation and imported to Impact-Z.

 Matched beam generation internal to Impact-Z will be critical for scaling to large
particle numbers, and implementation is in progress.

1S, Webb et al, p. 3099, IPAC 2013.
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Benchmarks between IMPACT-Z and ML/I resulted in an

improvement of IMPACT-Z quad model at low energy.

A spurious nonlinear contribution to quadrupole tracking was repaired that is negligible at
high energies, but important at the 2.5 MeV p energy of I0TA.

Previous quadrupole model Improved quadrupole model
IOTA emittance (Impact-Z); MAD match, 10kp, sympl. linear dipoles IOTA emittance (Impact-Z); MAD match, 10kp, sympl. linear dipoles
< 1.96 ‘ ; ; ‘ ‘ ; ; ; ; 1.965
Y
E o
1.9551 signficant 196 ——o
E Ew emitttance 6:13‘

change 1.955}

1.95

1.945} | remaining oscillations due
to kinematic nonlinearities

1.94 F—_

unnormalized emittance (mm-mrad)

unnor_rpalized emi_tjance
© w © N [(o]
w ($)] N (6)] [6)]

E \/
! I . . | | | | 1.935 | | | | | | | |
o 2000 4000 /600 8000 10000 12000 14000 16000 18000 0 2000 4000 6000 8000 10000 12000 14000 16000 18001
turn turn

caused by a nonlinear chromatic effect
due to energy-dependent normalization of
the quadrupole strength K
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